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Abstract Amounts of fungal biomass in adjacent culti-
vated and uncultivated soils in central lowa were esti-
mated and compared by quantifying soil ergosterol
concentrations and lengths of fungal hyphae present.
Both indices of fungal biomass, with one exception, in-
dicated that there was at least twice as much fungal bio-
mass in uncultivated soil as in cultivated soil. Levels of
microbial biomass carbon in uncultivated soils were
also determined to be at least twice that in cultivated
soils. Data collected in this study indicate that fungi
may be more significantly affected by agricultural soil
management practices than other components of the
soil microbial community. For two of the soils exam-
ined, calculated estimates denote that fungal biomass
carbon represented approximately 20% of the total mi-
crobial biomass carbon in cultivated soil and about
33% of the microbial biomass carbon in uncultivated
soil. Results of this study indicate that conventional ag-
ricultural practices result in a significant reduction of
fungal biomass production in soil. Implications of dif-
ferences in fungal biomass between the soils are dis-
cussed.
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Introduction

Fungi often represent the largest component of micro-
bial biomass in arable soils (Gray and Williams 1971;
Anderson and Domsch 1975) and make critical contri-
butions to soil properties and processes (Harley 1971;
Christensen 1989). As a group, fungi are primarily re-
sponsible for the decomposition and mineralization of
organic residues in soil (Paul and Clark 1989), repre-
sent large nutrient pools (Whittaker 1975), make up an
important food source for other soil organisms (Hunt et
al. 1987; de Ruiter et al. 1994) and contribute to soil
aggregate formation (Tisdall and Oades 1982). These
activities make fungi critically important to soil quality
and the sustainability of agroecosystems (Eash et al.
1994; Doran and Linn 1994).

A tremendous range in values exists in the amount
of fungi reported to occur in different soils. For exam-
ple, Baath and Soderstrom (1979) estimated the length
of fungal hyphae in the A horizon of a Swedish conife-
rous forest soil to be 66900 m g~' dry soil and calcu-
lated an estimate of fungal biomass in that horizon of
35.1 mg g~ ! dry soil. In contrast, Stahl and Parkin
(1996) reported estimates of 146 m g~! dry soil and
0.06 mg g~! dry soil for the length of fungal hyphae
and total fungal biomass, respectively, in an agricultural
soil in Iowa. Soils with such disparate fungal contents
may be expected to differ in a number important ways,
including potential rates of decomposition and mineral-
ization, the amounts, forms and pools of nutrients as
well as in water holding capacity and resistance to ero-
sion.

Agricultural systems may be considered to be dis-
turbed ecosystems as a result of tillage practices, water
and nutrient inputs and pesticide applications (Zak
1992). Physical disturbance of the soil caused by tillage
and residue management is a crucial factor in determin-
ing biotic activity and species diversity in agroecosys-
tems (Doran and Werner 1990; Heisler and Kaiser
1995). Numerous studies have reported negative im-



pacts of agricultural practices such as tillage and pesti-
cide application on levels of microbial biomass in soil
(Lynch and Panting 1980; Schnurer et al. 1985; Doran
1987; Gupta and Germida 1988). For example, 16 years
of tillage to soils in western Nebraska resulted in signif-
icant reductions in microbial respiration and total mi-
crobial biomass (48-64%) as compared to native sod
(Follett and Schimel 1989). Specific effects of agricul-
tural practices on soil fungi are less known but, accord-
ing to Gochenaur (1981), species composition changes
and species richness decreases following cultivation and
management for monoculture crop production. In a
study comparing the effects of different tillage practices
on soil microbial biomass, Doran (1980) found that lev-
els of fungal biomass were significantly greater under
no-till soil management than under conventional till-
age. Bloem et al. (1994) determined that fungal bio-
mass in soil was 1.54 times greater in a winter wheat
field under integrated management than under conven-
tional management. Beare et al. (1993) reported that
fungal community structure and hyphal density in soil
were both strongly affected by tillage.

The objectives of the current study are to (1) com-
pare amounts of fungal biomass in adjacent cultivated
and uncultivated soils and (2) discuss the implications
of the differences in fungal presence at the compared
sites.

Materials and methods

Soil samples were collected from three sites in central Iowa (Ta-
ble 1) during the first 2 weeks of June 1994. Sites were selected
where virgin or established (>80 years old) prairie remnants lay
immediately adjacent to and within the same soil map unit as cul-
tivated cropland. Conventional tillage practices utilized at the cul-
tivated sites examined include fall chisel plowing to a depth of ca.
20 cm and spring surface disking before seeding. Annual precipi-
tation in the area sampled averages 84 cm (50-year average), with
72 cm as rain.

Eight soil cores (2.5 cm diameter) were taken randomly from
within a 10 m circular area at each subsite. That portion of the
core representing soil depth from 5 to 15 cm was placed in a small
plastic bag and refrigerated (4 °C) immediately upon return to the

Table 1 Sites sampled
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laboratory. In preparation for analysis, each core was broken up
and thoroughly homogenized. Five grams of each sample were
added to 15 ml cold (2 °C) methanol and stored at 2 °C for analy-
sis of ergosterol content. One gram of each sample was used for
examination of total hyphal length and a 5 g subsample was used
for gravimetric determination of soil moisture content. All sub-
samples were prepared within 24 h of sample collection.

Direct microscopic examination of fungal hyphae in soil was
conducted using the membrane filter method (Hanssen et al.
1974) with calcofluor M2R white for observation of total fungal
hyphal length. Calcofluor-stained slides were prepared as de-
scribed by Stahl et al. (1995) except that prepared filters were im-
mediately mounted on slides with one drop of immersion oil (as
opposed to being allowed to dry for a few seconds). All slides
were prepared within 24 h of sample collection. For each site,
eight slides were made (one slide per soil core or sample) as was
indicated as an efficient method by the results of our previous
study (Stahl et al. 1995).

Slides were examined with a Nikon Microphot-SA epifluores-
cent microscope equipped with a high-intensity mercury light
source and a Nikon UV-1A-filter cube. Observations were made
using a dry 40 X objective, 10 X eyepieces, and a 1.5 X light path
magnifier (total magnification— 600X ). Twenty five randomly
chosen fields of view were counted on each slide.

Ergosterol was extracted from soil subsamples and quantified
as described by Eash et al. (1996) and Stahl and Parkin (1996).
Microbial biomass carbon in soil samples was determined by chlo-
roform fumigation and extraction with 0.5M K,SO, on 25¢g
sieved field moist soil samples (Tate et al. 1988; Horwath and
Paul 1994). Organic carbon in the fumigated and non-fumigated
extracts was measured using a Dohrman Total Carbon Analyzer
(Rosemont Analytical Services, Santa Clara, Calif.). Biomass car-
bon was calculated using a correction factor of 0.33 (Sparling and
West 1988).

Wet aggregate stability was assessed according to methods de-
scribed by Eash et al. (1994). Briefly, 200 g field moist soil was
placed on a nest of sieves (8, 4,2, 1, 0.5, 0.053 mm) and immersed
in water. Samples were agitated using a sieving machine similar to
the machine illustrated in Low (1954) for 5 min at 130 strokes
min ~! (stroke length=1.8 cm). Samples from the sieve were com-
bined, oven dried (105°C) and sand removed according to the
procedure of Cambardella and Elliot (1992). Aggregation is re-
ported as the percentage of soil (minus sand) present as aggre-
gates greater than 0.505 mm.

Estimates of components of fungal biomass (total, living and
non-living fungal biomass) in soils were based upon measure-
ments of total fungal hyphal length and soil ergosterol concentra-
tion. First, living fungal biomass estimates were calculated using
the method of Stahl and Parkin (1996). Non-living fungal bio-
mass, which is basically the weight of empty hyphae or just the
cell wall, was estimated by first determining what portion of the

Site Soil

Location/description

1. Mcfarland, Park uncultivated Lester sandy loam

(Mollic Hapludalf)
2. Mcfarland, Park cultivated Lester sandy loam
(Mollic Hapludalf)
Kossuth silty clay loam
(Typic Haplaquoll)

3. Doolittle Prairie, cultivated

4. Doolittle Prairie, uncultivated Kossuth silty clay loam
(Typic Haplaquoll)
Webster clay loam
(Typic Hapludoll)
Webster clay loam
(Typic Hapludoll)

5. Railroad Site, cultivated

6. Railroad Site, uncultivated

Storey County, IA

Restored upland tallgrass prairie site, restoration initiated in
1980.

Storey County, IA

In corn/soybean rotation

Storey County, IA, T85N, R23W, NW1/4 Sec 25

Cultivated for over 100 years, past 10 years in corn/soybean ro-
tation

Never tilled native prairie; mesic site vegetated by mixed grasses
and forbes

Storey County, IA, T85N, R22W, NW1/4 Sec 20

In corn/soybean rotation

Restored tallgrass prairie ca. 80 years old
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total hyphal length was living fungal biomass using the equation
given by Paul and Clark (1989):

Bi=mr?LeS,

where B; is fungal biomass, r is hyphal radius (using an average
value of 1.5 pm based on observation and measurement of hy-
phae from the soil samples), L is hyphal length (cm g ~! soil), e is
hyphal density (1.3 g cm ~?), and S, is solids content (0.3). Living
hyphal length was estimated by entering our calculated value for
living fungal biomass and solving for length. An estimate of non-
living hyphal length was obtained by subtracting living hyphal
length from the total hyphal length determined by direct micro-
scopic counting. Biomass of non-living hyphae can be estimated
by first calculating its surface area using the equation:

SA,=2nrL,

where SA, is surface area of non-living hyphae, r is hyphal radius
(using an average value of 1.5 um based on observation and
measurement of hyphae from the soil samples) and L, is the
length of non-living hyphae. The value for non-living hyphal sur-
face area was then multiplied by the cell wall thickness (using an
average value of 0.1 pm) to give an estimate of the biomass of
non-living hyphae (density of chitin was assumed to be 1.0). Val-
ues for the biomass of living and non-living hyphae were summed
to estimate total fungal biomass.

Calculations of amount of nutrients in fungal biomass in the
Doolittle soils were made using median values for carbon and ni-
trogen content of fungal tissue of 45% and 7%, respectively.

Results

Mean values for total hyphal length (living and non-
living) and soil ergosterol content for each of the three
sites examined are given in Fig. 1. Hyphal length values
ranged from a high of 1269 m g~' dry soil in unculti-
vated soil at the Doolittle site to a low of 157 m g ' dry
soil in cultivated soil at the Mcfarland site. Soil ergoste-
rol content was greatest in uncultivated soil at the Rail-
road site (3.67 wg g ' soil) and lowest in cultivated soil
at the Mcfarland site (1.02 pg g~ ! soil). It is interesting
that the ranking of the soils based on total hyphal
lengths was slightly different from the ranking based on
ergosterol content. That is, the cultivated soil at the
Doolittle site had a lower ergosterol content but
greater amount of fungal hyphae than did the culti-
vated soil at the Railroad site. Both measures of fungal
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Fig. 1 Soil ergosterol content and total hyphal length (living and
nonliving) in each of the soils examined (+, cultivated; —, uncul-
tivated). Vertical bars represent =1 SD deviation

biomass, with the exception of ergosterol at the Rail-
road site, indicate that there was at least twice as much
fungal tissue in uncultivated soil than in cultivated
soil.

Calculated estimates of living, non-living and total
fungal biomass based on amounts of ergosterol and to-
tal hyphal length at the three sites examined are given
in Table 2. Living biomass estimates ranged from 0.06
mg g ~ ! soil to 0.66 mg g ~! soil and were always greater
for uncultivated soil than for cultivated soil. Ratios of
living biomass in uncultivated soil to cultivated soil var-
ied from 3.8:1 at the Mcfarland and Railroad sites to
6.6:1 at the Doolittle site, where the original prairie
soil has never been tilled. Non-living biomass estimates
varied from 0.13 mg g ~! soil to 0.97 mg g ~' soil and, as
in the case of living biomass estimates, were always
greater in uncultivated soil. Differences in the esti-
mated amounts of non-living biomass in the paired soils
were not as great as in living biomass estimates. Ratios

Table 2 Estimates of microbial biomass and components of fungal biomass in soil at the three sites examined

Site Estimated living Estimated non-living Estimated total Estimated total
fungal biomass fungal biomass fungal biomass microbiall biomass
(mgg~'soil) (kgha™') (mgg 'soil) (kgha™') (mgg 'soil) (kgha™') (mgCg 'soil) (kgCha™"')
Mcfarland Park
Cultivated 0.06 340 0.13 730 0.19 1070 0.48+0.05* 2690+ 280
Uncultivated ~ 0.23 1080 0.35 1640 0.58 2720 1.05+0.20 4950+ 943
Doolittle Prairie
Cultivated 0.10 350 0.25 880 0.35 1230 0.79+0.10 2770+ 351
Uncultivated ~ 0.66 1620 0.97 2460 1.63 4100 220+0.44 5410+1082
Railroad Site
Cultivated 0.15 500 0.17 640 0.32 1140 0.76 £0.12 2550+ 403
Uncultivated ~ 0.57 1470 0.73 2090 1.30 3560 1.95+0.51 5030+1315

# Values given for estimated total microbial biomass are mean * standard deviation



Table 3 Ratios of total fungal
biomass in uncultivated to cul-
tivated soil and total microbial
biomass carbon to total fungal
biomass carbon at the three
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Site

Fungal biomass ratio
uncultivated: cultivated

Ratio of total

microbial biomass carbon

to fungal biomass carbon

sites Mcfarland Park 3.2:1
Cultivated 5.6:1
Uncultivated 4.0:1
Doolittle Prairie 4.7:1
Cultivated 5.0:1
Uncultivated 2.9:1
Railroad Site 4.1:1
Cultivated 49:1
Uncultivated 3.1:1
Table 4 Soil characteristics at the three sites
Site pH Bulk Macroaggregates Organic C Organic N
density (%) (%) (%)
(g em”)
Mcfarland Park
Cultivated 542 1.87 53.2+3.88 1.45+£0.14 0.13+0.01
Uncultivated 6.05 1.57 68.4+3.48 2.23+0.39 0.17+0.03
Doolittle Prairie
Cultivated 6.78 1.17 54.0+7.31 3.12%+0.29 0.24+0.03
Uncultivated 5.58 0.82 67.4+5.79 6.66+0.81 0.47+0.04
Railroad Site
Cultivated 6.03 1.12 48.3+£6.22 3.38+0.50 0.27+0.04
Uncultivated 6.09 0.86 71.3+2.08 6.78+0.72 0.48+0.07

# Values given for macroaggregates, organic C and organic N are mean standard deviation

of non-living biomass in uncultivated to cultivated soil
ranged from 2.8:1 at the Mcfarland site to 4.3:1 at the
Railroad site. Calculated estimates of total fungal bio-
mass for the three sites indicate there was three to
nearly five times more fungal biomass in uncultivated
soil than in cultivated soil (Table 3).

The amount of microbial biomass carbon (Table 2)
in uncultivated soils was also found to be at least twice
that in cultivated soils. Uncultivated soil from the
Doolittle prairie site, which had highest levels of total
fungal biomass also had the greatest amount of micro-
bial biomass carbon. With the exception of the culti-
vated soil from the Mcfarland site, ranking of sites
based on microbial biomass carbon was identical to
ranking based on estimated total fungal biomass.

Analyses of soil properties at the three sites revealed
that uncultivated soils always had lower bulk densities
and higher content of macroaggregates, organic carbon
and organic nitrogen than cultivated soils (Table 4). At
all three sites, fungal biomass as a proportion of micro-
bial biomass was greater in uncultivated soils than in
cultivated soils.

Discussion

Measurements of total fungal hyphal length and soil er-
gosterol concentrations as well as calculated estimates

of living, non-living and total fungal biomass all indi-
cate that the uncultivated soils examined in this study
contain much larger quantities of fungal biomass than
do the cultivated soils.

A number of practices associated with crop produc-
tion can, directly or indirectly, negatively affect micro-
bial biomass levels in soil. Agricultural management in-
fluences the activity of soil microorganisms predomi-
nantly through changes in soil environmental condi-
tions (Doran and Werner 1990). Management practices
can affect such factors as soil temperature and availa-
bility of water and oxygen. Various methods of tillage
cause different degrees of soil disturbance and regular
disturbances by tillage prevent long-term successional
development of soil ecosystems (Doran and Werner
1990). Tillage disrupts hyphal networks in the soil and
prevents accumulation of plant residues on the soil sur-
face which buffer soil temperature and moisture condi-
tions. Removal of large amounts of crop biomass for
uses such as grain, hay or silage reduces the amount of
available substrate to saprotrophic fungi. Lower levels
of belowground root production, compared to that in
the original native plant community, and phosphorus
fertilization also adversely affect mycorrhizal fungi
which can account for a significant portion of the total
fungal biomass in a soil.

The implications of low levels of fungal biomass in
soil as a result of disturbance are many and may lead to
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a reduction in soil productivity and adversely affect the
sustainability of agroecosystems. As the group of soil
microorganisms primarily responsible for the decompo-
sition of organic residues (Paul and Clark 1989), fungi
are critically involved in nutrient cycling and soil fertili-
ty as well as the formation of soil organic matter and
development and maintenance of soil structure.

Fungal biomass may represent a large pool of nu-
trients in many soils, especially in grassland soils where
the annual growth and turnover of fine roots supports
an equally active and absorptive network of fungal hy-
phae. For example, uncultivated native prairie soil at
the Doolittle site was estimated to contain ca. 1.66 mg
fungal biomass g ~! dry soil which includes 0.66 mg liv-
ing and 1.00 mg non-living fungal biomass. Extrapolat-
ing these values to a larger volume converts these fig-
ures to ca. 4100 kg fungal biomass ha ~! to a depth of
0.3 m (ca. 1 ft). Assuming that fungal biomass (both liv-
ing and non-living) is composed of about 45% carbon
and 7% nitrogen, fungal biomass in uncultivated soil at
the Doolittle site contains ca. 1845 kg carbon and
287 kg nitrogen ha ~' to a depth of 0.3 m. In contrast,
cultivated soil at the Doolittle site contains ca. 1230 kg
fungal biomass ha~' which represents pools of ca.
553 kg carbon and 86 kg nitrogen ha~' to a depth of
0.3 m. These differences in the amount of nutrients
held in organic form in the fungal biomass pool consti-
tute important differences in total nutrient status of the
cultivated and uncultivated soils. Data collected in our
study show that at both the Doolittle and Railroad
sites, uncultivated soils contain at least twice as much
carbon in organic form and almost twice as much ni-
trogen in organic form as adjacent cultivated soils (Ta-
ble 4).

Most of the carbon in the fungal biomass pool is im-
mobilized in chitin, as the majority of fungal tissue in
soil is non-living (Table 2), consisting of empty hyphal
filaments. Because chitin is more slowly decomposed
than biomass of other organisms, especially bacteria,
carbon in fungal biomass may be more slowly lost from
the soil system and represent a relatively stable form of
soil organic matter (Holland and Coleman 1987). De-
Luca and Keeney (1993) reported that the internal ni-
trogen cycle in soils of native and established prairies is
highly conservative of nitrogen and that of cultivated
soils has a much greater potential for nitrogen loss
through denitrification and leaching. The efficiency of
the nitrogen cycle in prairie soils has been partly attri-
buted to the quality and quantity of available carbon
substrate to enable microbial immobilization of large
amounts of nitrogen relative to cultivated soils. Our
finding of much larger amounts of fungal and total mi-
crobial biomass in prairie soils than in adjacent culti-
vated soils supports that hypothesis.

Fungi are known to play a major role in soil aggrega-
tion (Martin and Waksman 1940; Eash et al. 1994) and
contribute to aggregate stability through both mechani-
cal binding by fungal hyphae and chemical binding by
fungal-produced polysaccharides (Lynch and Bragg

1985; Tisdall 1991). Our data show higher macroaggre-
gate content in uncultivated soil than in cultivated soil
at all three sites (Table 4). An increase in soil erodibil-
ity may be a serious consequence of conventional agri-
cultural practices which reduce levels of fungal bio-
mass.

Data collected in this study indicate that fungi may
be more significantly affected by agricultural soil man-
agement practices than other components of the total
soil microbial biomass pool. Assuming that fungal bio-
mass is 45% carbon (Paul and Clark 1989), estimates of
the amount of carbon in the total fungal biomass pool
can be calculated for each soil. For the Doolittle Prairie
soils, fungal biomass carbon represents approximately
20% of the total microbial biomass carbon in cultivated
soil and about 34% of the microbial biomass carbon in
uncultivated soil. Values for the Railroad site soils are
very similar with fungal biomass carbon making up
20% of the microbial biomass carbon in cultivated soil
and 32% in uncultivated soil.

In summary, examination of the length of fungal hy-
phae (living and non-living) and ergosterol content of
paired cultivated and uncultivated soils in central Iowa
indicates that conventional agricultural practices result
in a reduction in the amount of fungal biomass pro-
duced in cultivated soil. The decrease in fungal biomass
may be a result of altered soil environmental conditions
resulting from tillage, lower annual litter input of
agroecosystems compared to native plant communities,
and direct disturbance of fungal mycelial networks by
tillage.
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